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An electro-optomechanical device capable of microwave-to-optics conversion has recently been demonstrated,
with the vision of enabling optical networks of superconducting qubits. Here we present an improved converter
design that uses a three-dimensional (3D) microwave cavity for coupling between the microwave transmission
line and an integrated LC resonator on the converter chip. The new design simplifies the optical assembly
and decouples it from the microwave part of the setup. Experimental demonstrations show that the modular
device assembly allows us to flexibly tune the microwave coupling to the converter chip while maintaining
small loss. We also find that electromechanical experiments are not impacted by the additional microwave
cavity. Our design is compatible with a high-finesse optical cavity and will improve optical performance.
Quantum information networks will likely combine sev-
eral disparate physical systems, exploiting their differ-
ent advantages1. Using superconducting circuits to pro-
cess and store information and optical fields to trans-
mit it over long distances provides a promising possi-
ble realization2–8. A key enabling technology for such
a vision is a quantum state preserving electro-optic
converter6,7. A particular challenge lies in coupling the
converter to propagating modes, which can transport in-
formation between nodes in the network. When address-
ing this challange, both the optical and microwave ports
of the device must be considered.
Reliable optical connectivity requires easy assembly
of the components and high optical stability, especially
when cooling to cryogenic temperatures. For supercon-
ducting microwave circuits, one problem lies in coupling
an electrical circuit to a microwave transmission line
without also introducing undesirable coupling to other
modes or otherwise spoiling the system’s coherence9. A
solution is to place a chip-based, integrated circuit in-
side a 3D microwave cavity, which is then coupled to
a transmission line. This approach has already been
used successfully for several potential components of
quantum information networks, such as superconduct-
ing qubits10,11, Josephson parametric amplifiers12, and
quantum electromechanics13,14.
Microwave-optics conversion has recently been demon-
strated with an electro-optomechanical device, enabling
a conversion efficiency of ∼10 % for classical signals with
the prospect of quantum state transfer in the future15.
The efficiency was limited by the optical performance,
which was lower than in the best pure optomechanics
experiments16. A likely source of this problem was the
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complex device assembly and direct connection of the
transducer chip to a microwave transmission line.
In this work, we overcome these difficulties by creating
a more compact, more robust system in which the op-
tical, electrical inductor-capacitor (LC) and mechanical
resonators are located inside a re-entrant microwave cav-
ity. The modular structure of the device decouples the
microwave and optical parts of the assembly. We expect
this to simplify the optical alignment and ensure higher
optical stability during thermal cycling. In addition, the
device allows for a reduction of the mirror spacing from
5 mm to 1.2 mm, which enables a 4-fold increase of the
optomechanical coupling rate17.
On the microwave side, the 3D cavity allows for pre-
cise control of the coupling between the transmission line
and the chip. Cryogenic measurements at 4 K show that
the coupling rate between the microwave transmission
line and the superconducting LC circuit can be varied
by more than one order of magnitude around the de-
sired value, which permits high flexibility when tuning
the experimental parameters. With further cooling to
millikelvin temperatures, we show that the energy decay
of the LC is dominated by coupling to the transmission
line - as required for quantum state preservation - with
only 17 % of the total loss arising from dissipation. Fi-
nally, we show that electromechanical measurements can
readily be performed with the device. Our approach ex-
tends the advantages of 3D microwave cavities to a cru-
cial quantum device and opens the path to integrate an
electro-optic converter with other devices that use such
cavities.
The microwave-to-optics transducer chip, shown in
Fig. 1a, consists of a thin membrane that couples to
the electromagnetic modes of both a microwave LC res-
onator and an optical Fabry-Pe´rot resonator. The par-
tially metallized portion of the membrane is part of a
superconducting LC circuit and forms a mechanically
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a FIG. 1. Overview of the converter design. (a) The
microwave-to-optics transducer is assembled from two sil-
icon chips (gray). A silicon nitride membrane (light blue) is
suspended on the top chip. A niobium circuit (dark blue)
is patterned on the chips. (b) Cutaway drawing of the re-
entrant microwave cavity. The cavity (gray) can be modeled
as an effective LC circuit (yellow line), spatially separating
electric field (red) and magnetic field (blue arrows). (c) Cut-
away drawing of the complete assembly. The device mount
consists of several aluminum pieces, labeled A-E. The re-
entrant cavity volume is formed in the middle. The cavity
couples to microwave input and output (dark blue arrows)
via loop antennas made from coaxial cables. The transducer
chip (dark gray) is located inside an optical Fabry-Pe´rot
cavity. The mirrors (light blue) are brought in through
holes in the microwave cavity walls. They are connected
to piezoelectric crystals (yellow) via aluminum and fused-
silica spacers (dark gray and turquoise, respectively). The
optical path is shown as a red arrow. (d) Partially exploded
view of the device, showing how the microwave and opti-
cal parts separate. The optical cavity is mounted on parts
A-B. Part C serves as the sample holder for the transducer
chip. At the same time, parts C-F form the microwave cav-
ity volume. The hat consisting of parts E-F contains the
re-entrant cavity’s center posts and has holders for the loop
antennas attached. The microwave and optical parts are in
contact only via part C.
compliant capacitor plate. A displacement of the mem-
brane shifts the resonant frequency of the circuit, which
couples the mechanical and microwave modes. In the
complete conversion setup, the membrane is additionally
placed inside of an optical, high-finesse Fabry-Pe´rot cav-
ity. This forms an optomechanical system and enables
bidirectional conversion between the microwave and op-
tical fields15. The work presented here, however, solely
3concentrates on measurements of the microwave portion
of the device.
A re-entrant microwave cavity is engineered to create a
reconfigurable, effective coupling between the LC circuit
and the transmission line, but without coupling substan-
tially to other modes or sources of loss. For microwave
testing purposes, the device is made out of aluminum.
For experiments that also require optical stability, we
would choose copper coated invar, which minimizes ther-
mal contraction while maintaining acceptable microwave
performance. The magnetic field of the cavity mode cou-
ples inductively to the chip circuit, as shown in Fig. 1b.
The cavity also couples to external microwave ports via
loop antennas. The cavity can be modeled as an effective
LC circuit, where the capacitance depends on the dimen-
sions of the center posts. By changing the post separa-
tion, we can thus control the microwave cavity frequency
and effective coupling without otherwise disturbing the
superconducting circuit or optical cavity.
Fig. 1c presents the integration of the microwave cav-
ity with an optical Fabry-Pe´rot cavity. Piezoelectric crys-
tals are mounted outside of the microwave cavity vol-
ume. They allow for adjustments of the optical cavity
length and of the membrane position along the stand-
ing wave light field. The exploded view in Fig. 1d shows
how the microwave and optical parts of the device have
been decoupled. This greatly reduces the complexity of
the setup. The optical cavity and membrane on the chip
can now be aligned and assembled in the same way as a
pure optomechanics system18. The small number of in-
terfaces and symmetric design of the mount are expected
to minimize misalignment that arises from thermal con-
traction. Parts E-F, dubbed the “hat” of the microwave
cavity, contain the center posts and connect the device
to the microwave circuitry via coaxial loop couplers. We
can readily change to a hat with different center post
separation without interfering with any other part of the
device. The external coupling can also be adjusted by
changing the size of the loop couplers. In this way, we
have precise control over the microwave cavity’s resonant
frequency and coupling to the external ports.
Fig. 2a outlines the relevant coupling rates of the 3D
microwave cavity and electromechanical chip. The cav-
ity has two ports and couples to them with external
coupling rates κcav,1 and κcav,2, respectively. The cou-
pling rates are chosen such that κcav,1  κcav,2. In this
way, transmission and reflection measurements can be
performed while minimizing the signal that is lost in re-
flection. In addition, there is an internal cavity loss rate
κcav,loss due to absorption and radiation through seams.
In total, energy stored in the cavity decays at the rate
κcav,tot = κcav,1 + κcav,2 + κcav,loss. The inductive cou-
pling rate between the cavity and LC is quantified by the
frequency g. It depends on the size and position of the
LC circuit’s loop inside the re-entrant cavity. The ex-
ternal and inductive coupling rates can be estimated by
finite element simulations to guide the design process19.
The coupling of the re-entrant microwave cavity mode
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FIG. 2. Theoretical description. (a) Schematic overview
of the components and coupling rates involved in the setup.
The microwave cavity (gray) couples to the transmission line
(dark blue) via two ports, with external coupling rates κcav,1
and κcav,2, respectively. It also couples to the LC resonator
(light blue) with rate g. This results in effective coupling
rates κeff,1 and κeff,2 of the two ports to the LC resonator,
given by Eq. (1). Additionally, the microwave cavity and LC
resonator have internal decay rates κcav,loss and κLC,bare, re-
spectively (not shown). In electromechanical measurements,
the LC resonator couples to the mechanical mode of the mem-
brane with a coupling rate Γe. (b) Magnitude squared of the
theoretical transfer function in absence of mechanical cou-
pling. Cavity linewidth κcav,tot, effective detuning ∆eff, LC
linewidth κLC,tot labeled.
to both the transmission line and the LC circuit gives
rise to an effective, wireless coupling of the external mi-
crowave ports to the LC circuit. The cavity resonant
frequency ωcav and the LC resonator frequency ωLC have
been shifted from their bare values by the coupling, and
their effective detuning is ∆eff = ωcav − ωLC. For suffi-
cient detuning ∆eff & κcav,tot, g, the effective coupling of
the LC circuit to the cavity ports is given by
κeff,i = κcav,i
g2
∆2eff + (κcav,tot/2)
2 , (1)
where i ∈ {1, 2, loss}. We call the couplings κeff,1, κeff,2
to the transmission line “wireless” because there is no
direct connection of the LC circuit to a waveguide or
coaxial cable. Note that the effective coupling leads to
an LC dissipation rate κLC,loss = κLC,bare + κeff,loss that
is higher than the bare loss rate κLC,bare of the circuit.
4The design targets an effective coupling κeff,1/2pi in
the 1.5-2.0 MHz range. In this way, the LC circuit is
well overcoupled with respect to its expected internal loss
rate, which in earlier cryogenic measurements at 4 K on a
similar LC circuit was measured at 0.37 MHz15. The total
LC decay rate κLC,tot = κeff,1 + κeff,2 + κLC,loss then also
fulfills the resolved sideband criterion: κLC,tot  4ωm,
where the chip is designed to have a mechanical reso-
nance frequency ωm/2pi ∼ 1.5 MHz. The last inequality
ensures that electro-optic conversion occurs without pho-
ton number gain, as required for quantum state preser-
vation. From Eq. (1) we understand that we need to cou-
ple the re-entrant cavity strongly to both the LC circuit
and the transmission line. In particular, the re-entrant
cavity should couple to port 1 much more strongly than
it couples to its internal loss such that most of the LC
decay is due to its coupling to the transmission line:
κcav,1  κcav,loss. Finite element simulations show that
an inductive coupling gtheo/2pi = 60 MHz and external
coupling κtheocav,1/2pi = 150 MHz to port 1 can be achieved.
We know from Eq. (1) that the desired effective coupling
then requires a detuning ∆theoeff /2pi ∼ 600 MHz.
Fig. 2b shows the theoretical transmission spectrum of
the device. The cavity and LC resonator appear as peaks
at their respective resonant frequencies. The full width at
half maximum (FWHM) of the Lorentzian peak centered
around the cavity frequency is given by the total cavity
loss rate κcav,tot. The second peak at frequency ωLC re-
sults from the wireless coupling. It is much narrower and
has an asymmetry that depends on the cavity-LC cou-
pling rate g. The FWHM is approximately given by the
total LC decay rate κLC,tot.
In order to test the wireless microwave coupling con-
cept and its compatibility with electro-optomechanics ex-
perimentally, we measure the microwave response of the
device. Furthermore, we demonstrate its modular, recon-
figurable nature by measuring this response with several
different microwave cavity hats that have different cen-
ter post separations. In these measurements, we test the
accuracy of Eq. (1) as a model of the device’s behavior
and determine its model parameters. In particular, these
measurements reveal the desirable coupling and undesir-
able loss that the LC inherits from the cavity. Finally, we
show that the re-entrant cavity does not prevent or other-
wise interfere with the electromechanical phenomena by
observing parametric interaction between the mechanical
resonator’s motion and the energy stored in the LC.
We determine the model parameters g, κLC,bare by
measuring the device in a cryostat at 4 K, where the
niobium thin film of the LC resonator is superconduct-
ing. Microwave cavity transmission is measured for four
different hats and the resulting power spectra are plot-
ted in Fig. 3a. By fitting these curves to the theoret-
ical transfer function, we extract the parameter aver-
ages g/2pi = 57(2) MHz and κLC,bare/2pi = 0.48(3) MHz.
Note that g/2pi agrees well with the simulated coupling
of 60 MHz between cavity and LC.
We next establish that Eq. (1) accurately models the
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FIG. 3. (a) Normalized transmitted power versus fre-
quency for four different center post separations: 238µm
(blue), 270µm (orange), 300µm (green), 316µm (red). The
broad peak corresponds to the cavity resonance, and the nar-
row peak corresponds to the LC resonance. Inset: Zoom
of LC lineshape for 270µm post separation, with FWHM,
κLC,tot, labeled. Fit to theoretical transfer function shown in
black. Averaging over fits to all four curves gives the cavity-
LC coupling g/2pi = 57(2) MHz, and the bare LC loss rate
κLC,bare/2pi = 0.48(3) MHz. (b) LC linewidth versus effec-
tive detuning. Colored squares indicate the κLC,tot obtained
for the different post separations. Lines show theoretical pre-
dictions for the total LC linewidth (κLC,tot, solid), effective
coupling (κeff,1, dashed) and loss rate (κLC,loss, dot-dashed)
with g and κLC,bare fixed from (a). The measured range of
effective couplings contains the target regime 1.5-2.0 MHz.
device’s behavior. Fig. 3b shows the LC linewidths
κLC,tot that are extracted directly from the measured
transmission spectra. These are compared to a plot of
the theoretical total loss rate κLC,tot that is obtained
from Eq. (1) using the fitted model parameters. We ob-
serve that both agree well in the regime of large detuning.
This allows us to infer the desirable and undesirable LC
loss, which are plotted as κeff,1 and κLC,loss in the figure.
Note that the wireless coupling has been varied by over
an order of magnitude by using the different hats. In
the target regime of 1.5-2.0 MHz for the effective cou-
pling, the unwanted dissipation rate κLC,loss constitutes
at most 30 % of the total LC loss rate. In a separate
measurement, we find that the dissipation contribution
is reduced to 17 % when operating the device in the mil-
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FIG. 4. Demonstration of electromechanical coupling. The
LC resonator appears as a dip in the normalized reflected
power. A coherent pump tone is applied below the LC res-
onance, at frequency ωpump/2pi (blue arrow). As a result, a
peak is observed in the spectrum at the frequency of the green
arrow (shown in inset). The frequency ωm of the mechanical
resonator is given by the frequency difference between pump
and mechanics peak. The FWHM of the peak corresponds
to the electromechanical coupling strength, which we find to
be Γe = 0.9 kHz for the applied pump power. Note that the
presence of the pump shifts and deepens the LC resonance.
likelvin regime.
Finally, we demonstrate electromechanical interaction
between the mechanical and LC resonators in the mil-
likelvin environment of a dilution refrigerator. A coher-
ent pump tone is applied at a frequency that is detuned
from the LC resonator by approximately the mechanical
frequency. The microwave cavity is then probed in re-
flection off the strongly coupled port. Fig. 4 shows the
reflection spectrum with the pump tone turned off. The
LC resonator appears as a dip, in contrast to a peak
in transmission. In the presence of the pump tone, the
interaction between the mechanical resonator’s motion
and the photons stored in the LC circuit gives rise to a
narrow peak on top of this feature. This phenomenon
is commonly referred to as optomechanically induced
transparency20,21. For the LC circuit presented here, the
pump tone leads to unexpected additional modes in the
reflection spectrum. They likely are a result of weak glue
joints between the silicon chips forming the microwave-
to-optics transducer. In the Fig. 4 inset, we show the
peak of an example mechanical mode at a frequency of
0.66 MHz. The electromechanical coupling rate of this
mode to the LC resonator is lower than that of the de-
sired 1.5 MHz mode. Therefore, a higher pump power
has to be applied in order to observe the electromechani-
cal interaction. This leads to a deeper LC resonance that
is shifted down in frequency. With the pump turned on,
the mechanics peak is centered on the shifted LC reso-
nant frequency and displays a symmetric line shape. We
have subsequently tested other chips that exhibit only
the expected mode spectrum and the higher electrome-
chanical coupling rate of the desired 1.5 MHz mode. For
the transducer chip and pump tone chosen for this ex-
periment, we demonstrate an electromechanical coupling
strength of Γe/2pi = 0.9 kHz. This shows that the ba-
sic functionality of the electromechanical system is not
altered by the additional microwave cavity.
In conclusion, we have overcome an important chal-
lenge of a microwave-to-optics converter design by plac-
ing the components inside a re-entrant microwave cav-
ity. We were able to simplify the optical cavity assembly
while achieving the desired performance of the microwave
LC resonator. Going forward, we will test the full de-
vice including a functional optomechanical part. This
device will be operated at mK temperatures in a dilu-
tion refrigerator, where we expect to enable microwave-
to-optics conversion in the quantum regime. This consti-
tutes an important step towards a quantum microwave-
optics transducer that can readibly be integrated with
other components of quantum information networks.
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